This study sought to estimate bone-conducted hearing sensitivity as static force levels of the oscillator as well as identify the most sensitive bone-conducted location on the human head when stimulated by tone and speech stimuli. In Experiment I, 24 young normal hearing listeners responded to bone-conducted thresholds ranging from 250 to 8,000 Hz in three placement locations: the forehead and the left and right mastoids. At each location and across all participants, the static force applied to various forces related to the individual's head size (i.e., Hooke's raw). The results of this experiment indicated that increased static force would not significantly cause more sensitive (or lower) thresholds. Thresholds of the forehead placement were less sensitive than both mastoids. Experiment II involved 24 young normal hearing listeners to determine the bone-conducted hearing thresholds at five placements (i.e., condyle, jaw angle, mastoid, temple, vertex) of the head, using tones ranging from 500 to 6,000 Hz and spondee words. The results indicated that the condyle and vertex are the most and least sensitive placements, respectively, regardless of tone and speech stimuli. Such information may be extended to future series of studies related to develop effective bone-conduction communication devices under harmful noisy conditions as well as contribute to the development of a computational model of bone-conducted sound transmission pathways in the human skull.
INTRODUCTION
Bone conduction audiometry is an essential component of a diagnostic audiologic assessment (Carhart, 1950) . It provides the clinician with information about the functioning of the cochlea and is critical in determining the type and degree of hearing loss (Carhart, 1950) . In addition to its utility in 논문접수일 : 2012년 04월 30일 논문수정일 : 2012년 06월 10일 게재확정일 : 2012년 06월 11일 Corresponding Author : Woojae Han, Hallym Univ., Div. of Speech Pathology and Audiology, Hallymdaehakgil 1, Chunchon, Korea, Phone number: (033) behavioral audiometry, bone conduction is a valuable component of the estimation of objective thresholds using auditory-evoked potentials (AEPs) (Vander Werff et al., 2009) and auditory steady-state response (ASSR) (Small & Stapells, 2006 for infants and children whose thresholds cannot be obtained through behavioral audiometry.
An issue relevant to clinical testing and bone conduction applications is the static force, with which the bone oscillator or device is coupled to the head. Although the ANSI standard for static force is 5.4 N (Newtons) (ANSI S3.6, 1996) , the bone oscillator is calibrated using an artificial mastoid rather than an actual head, introducing some variability into the bone conduction thresholds. In other words, whereas bone conduction thresholds are routinely obtained as part of the standard diagnostic test battery, the static force with which the oscillator is coupled to the head is not typically measured. For example, vonBékésy (1939) and König (1955) investigated bone-conducted thresholds obtained with up to 15 N of static force. The results from both investigations indicated that the greatest changes in the bone-conducted thresholds were observed at or below 7.5 N of static force, not above it. König reported that only small changes occurred between 10 and 15 N. His results indicated that a static force of 10 N produced stable thresholds thus, he recommended that 10 N of static force be used in clinical audiometry in order to minimize variability. Meanwhile, Harriset al. (1953) investigated the effect of static force ranging from 1 to 4 N at 250, 1,000, and 8,000 Hz. Not surprisingly, the results demonstrated the greatest threshold variation at 250 Hz across the static forces tested, although little change in threshold was found at 1,000 or 8,000 Hz. The authors recommended that a static force standardized between 2 and 4 N be used in clinical bone conduction testing. Some static forces tested by Harris et al. (1953) overlap with those tested by König (1955) , and a comparison of their results revealed inconsistencies.
König's study (1955) indicated that thresholds continue to change as force is increased above 4 N whereas Harris et al. (1953) found that thresholds do not change significantly when the static force is above 4 N.
The accumulated data from previous investigations demonstrate that it might be optimal to obtain bone-conducted thresholds with a static force of 7.5 to 10 N because of some reduced variability (König, 1955; Whittle, 1965) .
However, clinical experience suggests that this amount of static application force is not practical due to the discomfort that the listener experiences. Therefore, the ANSI 1996 standards recommend that bone-conducted thresholds be measured with a bone oscillator attached to a headband designed to couple the oscillator to the head with 5.4 N of static force. Taken as a whole, we argue that the relationship between static force and bone-conducted sensitivity suggests that the results are highly variable depending on investigations. The problem is further complicated by the limited understanding of changes in static force as a function of the placement location of the oscillator on the head.
Another issue relevant to bone-conducted threshold is that the placement location of the oscillator is the decision of the clinician and the possible differences yielded by that placement location need to be understood. The differences in behavioral thresholds obtained from mastoid versus forehead oscillator placement stem from skull vibrations, middle ear status, and the resonant frequency of the middle ear (Dirks & Malmquist, 1969; Tonndorf, 1966) . Forehead oscillator placement is less sensitive to changes in placement location (vonBékésy, 1939) and is less affected by middle ear status than mastoid oscillator placement (Dirks & Malmquist, 1998) . Bone-conducted thresholds are more affected by acoustic radiation from the oscillator with mastoid placement than forehead placement (Harkrider & Martin, 1998) . Richter and Brinkman (1981) reported that forehead placement results in lower sensitivity than the mastoid with a mean difference of 11 dB for the 250 to 8,000 Hz frequency range using a Präcitronic KH 70 bone oscillator and a constant static force applied by a standard headband.
As an extended study of bone conduction pathways, as a pure-tone stimulus. We expect the results to help explain the best bone conduction pathways in quiet conditions so that we can extend the results to evaluate them in various noisy conditions in subsequent continuous studies.
EXPERIMENT I

Methods
Participants
A total of 24 (12 males 
Calibrated static force levels
The amount of force exerted on the head by the standard clinical headband (typically coupled B71 oscillator) was dependent on the distance the headband was stretched. In order to determine the force applied to the head by the headband to each subject, the distance from the nasion to inion and from mastoid to mastoid was first measured using calipers. The stretch distance was then measured and recorded on the ruler. These measurements were used to calculate the force applied to the head when the oscillator was placed on the forehead and on the mastoid. Actual calculation of the force (F) followed Hooke's law 2) , which states    where, x is the displacement of the headband's end from its equilibriumposition and k is a constant.
However, since the constant k was not simply explained in our calculation, we got the formula 3) while adding a curve fitting method called Talyor series.
Experimental conditions
Behavioral bone-conducted thresholds were obtained at 250 to 8,000 Hz of one octave from three oscillator loca-2) Generally, Hooke's law of elasticity is an approximation that states that the extension of a spring is in direct proportion with the load applied to it. 
Test procedure
Behavioral bone-conducted thresholds were obtained using a Radio Ear B71 oscillator and an Interacoustics AC40 (Interacoustics, Denmark) audiometer. Participants were instructed to press a button whenever they heard the tone, even if it sounded soft or far away. A supra-threshold alerting tone at 40 dB HL was presented at the beginning of the threshold-finding procedure for each test frequency using an 1-dB step size. If the participant responded, the stimulus intensity was decreased by 2 dB HL. If the participant did not respond, the intensity of the stimulus was increased by 1 dB HL. This procedure was repeated until three responses were obtained at the same intensity for the test frequency.
Thresholds were obtained at 1,000 Hz, ascending to 8,000 Hz. After obtaining the threshold at 8,000 Hz, the threshold at 1,000 Hz was re-checked in order to establish reliability. If the second threshold obtained at 1,000 Hz was within 2 dB HL of the first, 250 Hz and 500 Hz were also tested. If upon re-test the second threshold obtained at 1,000
Hz was not within 2 dB HL of the first threshold, all other frequencies were also re-checked. The thresholds obtained upon re-test were recorded and used in the analysis. The participant was encouraged to take breaks throughout the testing process in order to prevent boredom and fatigue. All testing was completed in a single session.
Results
The data revealed that a majority of the thresholds at 250 Hz, 500 Hz, and 8,000 Hz were -10 dB HL, the lowest limit of the audiometer (i.e., ceiling effect), although behavioral thresholds were obtained at 8 frequencies. Therefore, the data obtained from these frequencies were not included in the analysis. Thresholds at the following frequencies were included in the analysis: 1,000, 1,500, 2,000, 3,000, and 4,000 Hz. Any value of -10 dB HL (the lowest limit of audiometer sensitivity) was replaced by the median threshold value obtained at that frequency and placement location.
Overall, 2.78% of the thresholds measured (30/1080) were replaced with the median value.
Force levels ranged from 4 N to 10.5 N. The mean force and forehead) at five frequencies (1,000, 1,500, 2,000, 3,000, and 4,000 Hz). Greater force levels did not result in lower (more sensitive) hearing thresholds (see Fig. 1 ).
Although the force measured with forehead oscillator placement was higher than that of mastoid placement, the hearing thresholds obtained at both placement locations fell within the same range.
A repeated-measures analysis of variance (ANOVA) was performed comparing thresholds for three oscillator placement locations at five test frequencies for both genders.
Huynh-Feldt epsilon-adjustments for repeated measures were made, when appropriate. Bonferroni correction was performed for significant main effects and interactions. The criterion for statistical significance was p < .05. 
Experimental conditions
Behavioral bone-conducted thresholds were obtained at 500, 1,000, 2,000, 4,000, 6,000, and 8,000 Hz for pure-tone and Korean spondee words, which included 5 modified lists of KS-WL-A (Cho et al., 2008) to avoid learning effect, from 5 oscillator placement locations-namely, condyle, jaw angle, mastoid, temple, and vertex. The order of the placement locations tested was randomized for each participant.
Mastoid placement was applied only left side because there was no significant difference in Experiment I. Based on the results from Experiment I, which indicated that as force increases the behavioral bone condition thresholds did not change, we applied a simple method to couple the oscillator to the five placements, using medical tape and an elastic bandage. Fig. 2 demonstrates how we fixed the oscillator to the placement of the head.
Test procedure
Behavioral bone-conducted thresholds were obtained using the B71 oscillator and a GSI61 (Grason-Stadler, MN, USA) audiometer. Most test procedures followed the same procedures as Experiment I. Thresholds obtained by spondee words were tested after tone stimulus as an order. The tested set at one oscillator placement (five frequencies and speech) was completed before testing another placement. 
Results
To
DISCUSSIONS
In general, the transmission of bone-conducted sound has been explained by five modes that may not be independent of one another (Stenfelt & Goode, 2005) . The first mode of transmission of bone-conduction sound attributes the propagation of bone-conducted sound to sound pressure in the ear canal. When the skull vibrates due to the application of a bone oscillator, the air in the ear canal also vibrates. This vibration causes a deformation of the walls of the ear canal walls, thereby producing sound pressure. The sound pressure vibrates the tympanic membrane, and the acoustic energy is then transmitted by the ossicles to the cochlea, in the same manner as air-conducted sound (Hakansson et al., 1994) .
The second mode of transmission of bone-conducted sound to the cochlea is via the inertia of the ossicles in the middle ear. The ossicles are held in place by muscles and ligaments that act like springs when the skull is vibrated. At lower frequencies, these springs cause the ossicles to vibrate in phase with the skull however, at higher frequencies, the force of the ossicles' inertia overcomes the spring's stiffness. Barany (1938) (Kirikae, 1959) . At levels less than 4,000
Hz, the compression of the cochlear walls does not contribute significantly to bone-conduction hearing sensitivity (Stenfelt & Goode, 2005) . Finally, pressure on the cerebrospinal fluids is a pathway of transmission for bone-conducted sounds. Pressure on the cerebrospinal fluids results is transmitted to the cochlear aqueduct and the inner ear (Freeman et al., 2000) . Data suggest that this pathway also does not make a significant contribution to bone-conduction hearing (Stenfelt & Goode, 2005) .
The present study confirmed that the bone-conducted thresholds did not significantly vary as levels of the static force changed. Harris et al.'s (1953) Although the most favorable placement location and static force for oscillator coupling in the normal hearing listeners more need to justify additional investigation, we believe that current information may be applied to bone-conducted transmission 1) under various protection devices and 2) in different noisy conditions (i.e., a kind of noise and a direction of noise) in next step. The gathered results will let to develop effective bone-conduction communication devices and individual hearing conservation program for current and potential workers in noise environment. We hope that such efforts might continue to the development of a computational model of bone-conduction sound pathways in the human skull and contribute to a field of industrial audiology, while understanding auditory feedback (i.e., talker speech perception/production) and occlusion effect.
